
Robert Reichelt, Tamara Rothmeier, Felix Grünberger, Sarah Willkomm, Astrid Bruckmann,
Winfried Hausner and Dina Grohmann*

The archaeal Lsm protein from Pyrococcus furiosus
binds co-transcriptionally to poly(U)-rich target
RNAs
https://doi.org/10.1515/hsz-2023-0215
Received May 14, 2023; accepted August 22, 2023;
published online September 15, 2023

Abstract: Posttranscriptional processes in Bacteria include
the association of small regulatory RNAs (sRNA)with a target
mRNA. The sRNA/mRNA annealing process is oftenmediated
by an RNA chaperone called Hfq. The functional role of
bacterial and eukaryotic Lsm proteins is partially under-
stood, whereas knowledge about archaeal Lsm proteins is
scarce. Here, we used the genetically tractable archaeal hy-
perthermophile Pyrococcus furiosus to identify the protein
interaction partners of the archaeal Sm-like proteins (PfuS-
mAP1) using mass spectrometry and performed a
transcriptome-wide binding site analysis of PfuSmAP1. Most
of the protein interaction partners we found are part of the
RNA homoeostasis network in Archaea including ribosomal
proteins, the exosome, RNA-modifying enzymes, but also
RNA polymerase subunits, and transcription factors. We
show that PfuSmAP1 preferentially binds messenger RNAs
and antisense RNAs recognizing a gapped poly(U) sequence
with high affinity. Furthermore, we found that SmAP1 co-
transcriptionally associates with target RNAs. Our study
reveals that in contrast to bacterial Hfq, PfuSmAP1 does not
affect the transcriptional activity or the pausing behaviour
of archaeal RNA polymerases. We propose that PfuSmAP1

recruits antisense RNAs to target mRNAs and thereby
executes its putative regulatory function on the post-
transcriptional level.
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Archaea; RNA polymerase; transcription

1 Introduction

Members of the Sm and Sm-like (Lsm) protein family are
conserved across all domains of life (Bacteria, Archaea and
Eukarya) and are involved in cellular RNA metabolism
(Mura et al. 2013; Wilusz and Wilusz 2005). Sm and Sm-like
proteins form homomeric or heteromeric complexes
resembling a doughnut-shaped ring (Kambach et al. 1999;
Mura et al. 2001; Schumacher et al. 2002). They are charac-
terized by an SM core fold that is constituted by two
conserved Sm motif domains (Sm1 and Sm2). In contrast to
the Sm core, the C- and N-terminal regions as well as the
linker between the Sm1 and Sm2 motif are not conserved.

In Eukarya, at least 16 different Sm and Lsm proteins
have been identified. These proteins typically form hetero-
heptameric Lsm1-7 complexes (Albrecht and Lengauer 2004;
Wilusz and Wilusz 2005). Cytoplasmic Lsm1-7 complexes
bind 3′UTRs of deadenylated mRNAs modulating mRNA
decapping and decay (Tharun et al. 2000). Nuclear Sm and
Lsm multimers are prominent members of the spliceosome
(Zhan et al. 2018). The Lsm2-8 ring binds U-rich sequences in
the 3′ UTR of the small nuclear (sn) RNA U6 ultimately sup-
porting splicing and maturation of RNAs (Kufel et al. 2002).
Beyond this, eukaryotic Sm and Lsm complexes are involved
in several other RNA-mediated processes mainly acting as
ribonucleoprotein (RNP) scaffolds (Mura et al. 2013).

In Bacteria, Lsm proteins are commonly referred to as
host factor Q (Hfq) proteins, which are encoded in approxi-
mately 50 %of bacterial genomes (Franze de Fernandez et al.
1968; Valentin-Hansen et al. 2004). As RNA chaperones, Hfq
proteins mediate interactions between small non-coding
RNAs (ncRNAs) andmessenger RNAs (mRNAs) and influence
the folding landscape of RNAs even in a co-transcriptional
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manner (Cai et al. 2022; Małecka andWoodson 2021; Rodgers
et al. 2023). Thereby, they modulate translation either by
masking or exposing the ribosomal binding site of the mRNA,
which results in either translational repression or stimula-
tion, degradation, or mRNA stabilization (Møller et al. 2002;
Vogel and Luisi 2011). Hfq proteins form homohexameric
complexeswithdistinct interaction surfaces for different RNA
substrates (Mikulecky et al. 2004). They recognize RNAswith a
poly(A) and poly(U) stretch, which are bound on the proximal
and distal face of Hfq, respectively (Matera et al. 2007; Mura
et al. 2003a,b). Beyond their role in the regulation of trans-
lation, under stress conditions Hfq has been shown to play a
role in Rho-dependent transcription termination in Escher-
ichia coli. It prevents premature binding of the termination
factor Rho to the 5′ UTR of a subset of genes (Sedlyarova et al.
2016). This anti-termination mechanism requires the pres-
ence of small regulatory RNAs that are expressed under
stress. Co-transcriptional binding of a small RNA and Hfq to
the 5′ UTR stimulates transcription during the stationary
phase transition (Kambara et al. 2018). Apart from this, E. coli
Hfq is involved in ribosome assembly, assisting in the pro-
cessing and folding of the 16S rRNA and the biogenesis of the
30S particle (Andrade et al. 2018).

Genes encoding archaeal Sm-like proteins (SmAPs) are
found in all archaeal groups (Reichelt et al. 2018). Typically, at
least one Lsm gene is detectable in archaeal genomes, which is
often referred to as SmAP1 (Mura et al. 2013). In case of Hal-
oferax volcanii (Hvo), SmAP1 protein forms homoheptameric
complexes and binds U-rich RNAs in vitro. It also associates
with small RNAs (sRNAs) and numerous protein complexes
in vivo (Fischer et al. 2010). Deletion of the Sm1 motif in SmAP1
in H. volcanii resulted in major changes in the transcriptome
and increased swarming activity (Maier et al. 2015). A second
smap gene encoding a SmAP2 protein could be identified in
some euryarchaeal groups (Törö et al. 2002). The TACK super-
phylum and the ASGARD group usually contain two additional
Lsm proteins in addition to SmAP1, referred to as SmAP2 and 3
(Mura et al. 2013). Saccharolobus solfataricus (Sso) SmAP1 and 2
bind numerous RNA substrates including mRNAs, transfer
RNAs (tRNAs) and ribosomal RNAs (rRNAs) and interact with
various protein complexes as e.g. the exosome, which stimu-
lates A-rich tailing of transcripts (Märtens et al. 2015, 2017a,b).
Furthermore, Sso SmAP2binds 3′UTRs ofmRNAs in a sequence-
specificmanner andaffects their stability (Märtens et al. 2017b).
The role of SmAP3 is still unclear, but it is characterized by an
extended C-terminal domain (Mura et al. 2003b).

Lsm-variants that showhigh conservation to thebacterial
Hfq variant are only found in the family of the Meth-
anocaldococcaceae and Methanosaetaceae. The Hfq-like
SmAP from Methanocaldococcus jannaschii (MjHfq) forms
homohexameric rings and shows comparable biochemical

and biological properties to itsE. coliHfq counterpart (Nielsen
et al. 2007). It can even functionally replace Hfq in E. coli.

Adaptation to changing environmental conditions is
critical for the survival of prokaryotic cells and is also
regulated at the posttranscriptional level (van Assche et al.
2015). However, the mechanisms of post-transcriptional
regulation are poorly understood in Archaea. Given the
structural similarity and RNA-binding capacity of SmAPs
proteins, it is likely that they fulfil similar functions as bac-
terial Hfq proteins. A recent study in the halophilic archaeon
Halobacterium salinarium indicated that SmAP1 together
with antisense RNAs and RNases targets about 5.7 % of
protein-coding genes (Kusebauch et al. 2023). However, at
which step in the gene expression pathway SmAP1 binds
RNAs and how regulation via this RNA-binding protein is
executed, remained obscure.

We addressed these questions employing the SmAP
protein from the archaeal organism Pyrococcus furiosus
(Pfu) for which a genetic system is established (Grünberger
et al. 2020; Waege et al. 2010). P. furiosus encodes a SmAP
more akin to eukaryotic Lsm proteins (Reichelt et al. 2018).
We created a mutant P. furiosus strain that constitutively
expresses PfuSmAP1 genetically fused to a Strep-tag
(Figure 1). This allowed us to co-purify nucleic acid and
protein interaction partners that were further analysed by
RNA-sequencing (RNA-seq) and mass spectrometry (MS)
(Figure 1A). We demonstrate that PfuSmAP associates with
various RNAs, among them messenger and antisense sRNAs
(asRNAs). Notably, a large fraction of the associated RNAs
were enriched for uridine. MS analysis identified various
RNA polymerase (RNAP) subunits but also ribosomal pro-
teins, the archaeal exosome and interestingly CRISPR-Cas
(CRISPR: clustered regularly interspaced short palindromic
repeats. Cas: CRISPR-associated proteins) proteins to be
directly or indirectly associated with PfuSmAP1. Notably,
we reveal that SmAP1 co-transcriptionally associates with
RNAs. However, PfuSmAP1 does not directly interact with
the RNA polymerase and, in contrast to the bacterial regu-
latory action of Hfq, does not influence transcriptional
activity of the RNA polymerase in vitro.

2 Results

2.1 Purification of Strep-tagged SmAP1 and
its co-purifying protein and nucleic acid
interaction partners from P. furiosus

To decipher the role of SmAP1 in P. furiosus, we determined
the protein and RNA interactome of SmAP1. To this end, we
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took advantage of an established genetic system for P. fur-
iosus that allows the overexpression of tagged fusion pro-
teins from a shuttle vector (Grünberger et al. 2020; Waege
et al. 2010). Accordingly, a mutant P. furiosus strain

constitutively expressing C-terminally Strep-tagged SmAP1
was created for this purpose (Figure 1A). This allowed us to
purify PfuSmAP1 and its protein and nucleic acid interaction
partners directly from whole cell extracts via the Strep-tag.

Figure 1: Purification of PfuSmAP1 from its cellular context elucidates
RNA, DNA and protein interaction partners. (A) Experimental design
illustrating the workflow to identify cellular interaction partners of the
SmAP1 protein from Pyrococcus furiosus (PfuSmAP1). (B) SDS-PAGE
analysis of affinity-purified elution (E) fractions using Strep-tactin
resins loaded with crude extracts from a P. furiosus mutant constitu-
tively overexpressing C-terminally Strep-tagged SmAP1 (Strep-SmAP1)
or the Strep-tag peptide only (Strep-tag). (C) Western blot analysis
showing the input (I) and elution (E) fractions after affinity purifica-
tion. For detection, antibodies directed against the Strep-tag peptide
(upper panel) and the RNA polymerase subunit Rpo3 (lower panel)
were used. (D) Agarose-gel electrophoresis showing input and elution
fractions. Input and elution fractions were subject to phenol-
chloroform extraction and additionally treated with DNase or RNase
before loading on the agarose gel.

R. Reichelt et al.: Co-transcriptional binding of archaeal Lsm 3



As a control, a mutant P. furiosus strain constitutively
expressing the Strep-tag peptide onlywas created. SDS-PAGE
analysis of the purified sample revealed a prominent protein
band that probably represents Strep-tagged PfuSmAP1 with
a theoretical molecular weight of 9.6 kDa (Figure 1B). In
addition, other bands corresponding to proteins with vary-
ing molecular weights are visible. These bands might
represent partially denatured PfuSmAP1 multimers as well
as interaction partners. Western blot analysis using an
antibody directed against the Strep-tag peptide verified
the successful purification of Strep-tagged PfuSmAP1
(Figure 1C).

In a next step we purified nucleic acids that associate
with Strep-SmAP1 in the cellular context of P. furiosus and
found both RNA and DNA substrates directly or indirectly
bound by SmAP1 (Figure 1D). Control experiments with
Strep-tag peptide only did not result in specific enrichment
of proteins or nucleic acids (Figure 1B–D).

Moreover, to reveal its multimerisation state, we
expressed PfuSmAP 1 recombinantly in a Δhfq E. coli strain
(Märtens et al. 2015) to avoid co-purification of Strep-SmAP1
and E. coli Hfq as heterocomplexes (Nielsen et al. 2007).
During the purification, the samples were rigorously treated
with DNase and RNase to obtain highly pure SmAP1 elution
fractions. Subsequent SDS PAGE analysis revealed successful
purification of monomeric Strep-PfuSmAP1 (Supplementary
Figure 1A). To determine if this monomeric Strep-PfuSmAP1
forms multimeric assemblies, we performed mass photom-
etry measurements (Supplementary Figure 1B). Indeed, in
absence of nucleic acids, PfuSmAP1 assembles into hepta-
meric complexes (76 %; 72 ± 10 kDa). Moreover, dimers of
heptamers (14 %; 147 ± 12.3 kDa) were detected as a minor
fraction. The formation of heptamer dimers agrees
with structural studies of SmAP1 from Pyrococcus abyssi
(Thore et al. 2003).

2.2 SmAP1 interacts with various RNAs
containing an U-rich motif in vivo

Using deep sequencing, we analysed the identity of
co-eluted RNAs. We identified 199 different RNA binding
partners and mapped them based on the improved
re-annotation of the P. furiosus genome (Figure 2A; Ta-
ble S1) (Grünberger et al. 2019). SmAP1mainly bindsmRNAs
(n = 130). The binding site is often located at the 3′ end of the
mRNAs and we detected an overlap for 39 regions with an
ANNOgesic-annotated 3′ UTR (Figure 2B; Table S1).

In addition, SmAP1 binds many RNAs (n = 50), which are
oriented in antisense to an mRNA (asRNAs). For eleven of
these putative asRNAs, the presence of a corresponding

antisense transcript was detected in the comprehensive
transcriptome study of Grünberger et al. (2019). SmAP1 also
binds five ncRNAs located in non-coding regions and seven
ncRNAs located within a mRNA. Finally, associations of
SmAP1 with four CRISPR RNAs (crRNAs), two overlap small
ORFs (sORFs) and only one tRNA could be detected. Motif
analysis revealed a gapped U-richmotif in 97 % of all binding
regions (Figure 2C; Table S1). Deep sequencing analysis of
co-purified DNA fragments did not reveal any enrichment of
specific loci (data not shown).

The binding of PfuSmAP1 to numerous mRNAs and
asRNAs suggests an involvement in the regulation of various
cellular processes and pathways. To analyse this in more
detail, the corresponding mRNAs were classified according
to arCOG categories (Makarova et al. 2015) (Figure 2D). This
revealed that PfuSmAP binds and potentially affects mRNAs
encoding proteins that fulfil tasks in e.g. amino acid trans-
port and metabolism (E), carbohydrate transport and
metabolism (G), translation, ribosome structure and
biogenesis (J), transcription (K), cell wall/membrane/enve-
lope biogenesis (M) and others. A significant enrichment
(p < 0.05) was detected for mRNAs of the arCOG category
amino acid transport and metabolism (E). For mRNAs that
presumably bind PfuSmAP1 via an asRNA, the arCOG cate-
gory cell wall/membrane/envelope biogenesis (M) was
significantly enriched (Table S1).

2.3 SmAP1 interacts in vivo with various
proteins associated to specific biological
processes and multiprotein complexes
(RNPs)

Previous studies showed the interaction of SmAP proteins
with numerous proteins similarly to their eukaryotic
(Sm and Lsm) and bacterial (Hfq) counterparts (Butland
et al. 2005; Ho et al. 2002; Krogan et al. 2004; Uetz et al. 2000).
To shed light on the SmAP1 protein interactome in P. fur-
iosus, we identified proteins that co-purify with Strep-
tagged SmAP1 from cell lysate by mass spectrometry
(Figure 3). In addition to untreated samples, a second set of
samples was rigorously treated with DNase and an RNase-
mix before purification. Purifications using crude extracts
derived from the Strep-tag only mutant served as control to
identify non-specifically extracted proteins. 95 specifically
co-purifying proteins were identified in the untreated
samples (Figure 3A, Table S2). Nuclease treatment
decreased the number of proteins to 23 (Figure 3B, Ta-
ble S2). Interactions from untreated samples included
proteins involved in the RNA metabolism of the cell
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including the exosome, ribosome, RNA polymerase and
components of two CRISPR Cas systems (type I-A and III-B)
of P. furiosus. In addition, we identified proteins involved
in processing or modification of tRNAs (e.g. FlpA), rRNAs
(e.g. FAU-1) and mRNAs (e.g. transcription termination
factor aCPSF1). Other protein interactions were involved in
DNA replication and DNA repair. An analysis based on
arCOG categories (Makarova et al. 2015) revealed signifi-
cant enrichments of the categories translation, ribosomal
structure and biogenesis (J); transcription (K); replication,
recombination and repair (L) and defence mechanisms
(V) (Table S2). Nuclease treatment led to the loss of some
interaction partners including RNA polymerase subunits.

In addition, several co-purifying proteins, which are
involved in RNA processing and modification, were no
longer detected suggesting that these interactions are
mediated by RNAs.

2.4 Association of SmAP1 with the RNA
polymerase complex is RNA-dependent

In Bacteria, under certain conditions Hfq acts as an anti-
termination factor binding mRNA co-transcriptionally and
preventing pre-mature binding of Rho (Sedlyarova et al.
2016). To gain more insights into a putative interaction

Figure 2: SmAP1 interacts with RNAs containing a U-richmotif in vivo. (A) Bar chart showing the variety of RNA types associatedwith PfuSmAP1 in vivo. (B)
Strand-specific visualisation of mapped RNA-seq reads of PfuSmAP1 (Strep-SmAP1) or the Strep-tag peptide only (Strep-tag) at specific chromosomal loci
using the Integrated Genomics Viewer (Robinson et al. 2011). Annogesic derived annotations (mRNA, transcript, crRNA and CRISPR repeats) are shown as
black bars. (C) WebLogo three representation (Crooks et al. 2004) of the gapped U-rich PfuSmAP1 binding motif indentified using Glam2. (D) Enrichment
analysis of archaeal clusters of orthologous genes (arCOGs) of mRNAs directly associated with PfuSmAP1 (dark blue bar) and indirectly associated via an
asRNA, which interacts with PfuSmAP1 in vivo (light blue bar). arCOG groups with a p-value < 0.05 are considered significantly overrepresented and are
highlighted by a black star.
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Figure 3: SmAP1 interacts with various proteins in an RNA-dependent and RNA-independent manner in vivo. Representation of PfuSmAP1 interaction
networks using Cytoscape (Saito et al. 2012) in vivo. Interaction partners were identified by mass spectrometry analysis after purification using untreated
(A) or DNase and RNase treated (B) crude extracts from a P. furiosus mutant constitutively overexpressing C-terminally Strep-tagged PfuSmAP1. Crude
extracts from a P. furiosus mutant constitutively overexpressing the Strep-tag peptide only served as background control. Identified proteins were
classified using the UniProt Knowledgebase (UniProt Consortium 2023) and corresponding genes using the archaeal clusters of orthologous genes
(arCOGs) (Makarova et al. 2015). Co-purified proteins that form a functional multiprotein complex like the exosome, ribosome, RNA polymerase and the
CRISPR Cas effector complexes of the Type-I-A and III-B are highlighted by dotted rectangles. DnaGwas placedwithin the exosome complex according to
(Hou et al. 2014;Witharana et al. 2012). Rnj was placed associated to the exosomeaccording to (Phung et al. 2020). Significantly (p < 0.05) overrepresented
arCOG categories (star regular font: untreated only; star bold font: untreated and treated) are highlighted by colours as shown in the Figure.
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between PfuSmAP1 and the archaeal RNAP, we performed
additional co-purification experiments. These experiments
aimed to test whether SmAP1 directly interacts with the
RNAP or indirectly via RNA that emerges from the RNAP. To
this end, we purified Strep-SmAP1 from (i) untreated,
(ii) DNase treated or (iii) DNase and RNase treated cell
lysates. Subsequently, we performed SDS PAGE analysis
followed by Western blotting with antibodies directed
against the RNAP subunit Rpo3 and the Strep-tag peptide to
verify co-purification of RNAP with Strep-tagged PfuSmAP1
(Figure 4). All conditions led to the purification of compa-
rable amounts of Strep-tagged PfuSmAP1. DNase treatment
only had a minor effect on co-purification of the RNAP,
whereas additional RNase treatment resulted in a significant
decrease in the detectable Rpo3 signal.

2.5 P. furiosus SmAP1 binds U-rich RNAs
in vitro and positively effects
transcription

Co-transcriptional binding of SmAP1 to emerging transcripts
suggests a role in transcriptional regulation. Hence, in a
next step, we analysed the effects of PfuSmAP1 association
with RNAs during transcription elongation in more detail.
Therefore, we chose a transcript that contains a putative
U-rich SmAP binding site in the gene PFDSM3638_05070,
which encodes a putative phosphate transport regulator
(PhoU) (Figure 5A). To verify binding of PfuSmAP1 to RNAs
with this U-rich motif, we performed EMSAs with a 38 nt
HEX-labelled version of this RNA stretch (Figure 5B).
PfuSmAP1 readily formed a complex with this RNA that
migrated slower than the free RNA in a native gel. We

observed a shift of more than 50 % of the RNA into the
PfuSmAP1-RNA complex at a SmAP1 concentration of 25 nM
(ratio PfuSmAP1 heptamer:RNA = 2.5:1). This reveals a high
affinity of PfuSmAP1 for this RNA in the nanomolar range. A
control version of this RNA substrate with nine cytosine
bases instead of the uridine bases (Figure 5A, underlined
bases) did result in a shift ofmore than 50 % of free RNA at a
concentration of 200 nM PfuSmAP1 (ratio PfuSmAP1
heptamer:RNA = 20:1).

Next, we monitored the effect of SmAP1 on transcrip-
tion. We chose promoter-directed transcription assays using
the strong promoter of the histone A1 gene (hpyA1) to drive
transcription of the partical phoU gene (Figure 5A and C). It is
noteworthy that the U-rich sequence potentially also acts as
an intrinsic termination sequence. Earlier studies demon-
strated that poly-dT stretches of five or more nucleotides in
the template DNA induce termination of transcription in vi-
tro (Hirtreiter et al. 2010; Santangelo and Reeve 2006; Spi-
talny and Thomm 2008). Analysis of synthesized transcripts
showed that the oligo-dT6 stretch only partially induces
termination resulting in a 135 nt transcript and that most of
the transcripts correspond to full-length transcripts (395 nt).
This indicates efficient readthrough of the putative termi-
nator. The overall pattern of transcripts did not change
when the transcription reaction was carried out in the
presence of SmAP1. However, the overall transcription yield
increased slightly when SmAP1 was added to the transcrip-
tion reaction (125 % ± 5 % for the run-off at a SmAP1
concentration of 400 nM) (Figure 5C).

3 Discussion

Sm-like proteins are widely distributed in Archaea, but their
functional roles are still poorly understood. Recombinant
expression and in vitro characterization of archaeal SmAPs
have been performed previously, providing insights into
the structural organization of archaeal SmAPs and their
RNA binding capacities. In agreement with these studies, we
found that recombinant PfuSmAP1 forms homoheptamers
in vitro (Achsel et al. 2001; Fischer et al. 2010; Kilic et al. 2005;
Thore et al. 2003; Törö et al. 2002), whereas bacterial Hfq
proteins and the Hfq-like protein from M. jannaschii
assemble into homohexamers (Nielsen et al. 2007;
Schumacher et al. 2002). Amajor challenge in understanding
the physiological binding partners and functional roles of
SmAPs is the lack of genetic systems for a wide range of
archaeal species. So far, this limits in vivo studies to the
halophilic and mesophilic Archaeons H. volcanii and
Halobacterium salinarum as well as the hyperthermophilic
Archaeon S. solfataricus (Fischer et al. 2010; Kusebauch et al.

Figure 4: Association of SmAP1 with the RNA polymerase complex is
RNA-dependent. Western blot analysis of samples derived from purifi-
cations of SmAP1 (Input, I; Flowthrough, FT; Washing, W; Elution, E) from
crude extracts from a P. furiosus mutant constitutively overexpressing
C-terminally Strep-tagged SmAP1. Crude extracts were untreated, only
treatedwith DNase or treatedwith DNase and RNase, respectively, before
purification of the PfuSmAP protein. For detection, an antibody raised
against the RNA polymerase subunit Rpo3 (upper panel) and an antibody
specific for the Strep-tag peptide (lower panel) were used.
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2023; Maier et al. 2015; Märtens et al. 2015, 2017a). In this
study, we took advantage of an established genetic system
for the hyperthermophilic Euryarchaeote P. furiosus. We
applied the Strep-tag system to purify SmAP1 from its
cellular context to decipher both its RNA and protein inter-
actome and expand physiological studies to hyperthermo-
philic Euryarchaea.

We found that PfuSmAP1 mainly binds to mRNAs and a
significant number of asRNAs and ncRNAs. Given that we
detected 130 mRNA binding partners and that 1982 protein-
coding genes are found in the genome of P. furiosus (Grün-
berger et al. 2019), PfuSmAP1 binds 6.6 %of all protein coding
transcripts. This is in agreement with studies of SmAPs in
S. solfataricus and H. salinarum, which were shown to
preferentially interact with mRNAs and asRNAs (Kusebauch
et al. 2023; Märtens et al. 2015). For example in H. salinarum,
SmAP1 binds to 15 % of the protein coding transcripts
(Kusebauch et al. 2023). Our data revealed a bias for PfuS-
mAP1 binding sites in the 3′-UTR of mRNAs. This suggests
functional similarity to SsoSmAP2, which binds a specific

motif in mRNA 3′ UTRs (Märtens et al. 2017b). SsoSmAP2
induces polyadenylation of mRNAs and thereby affects their
stability (Märtens et al. 2017b). Other SmAPs like e.g. HvoS-
mAP mainly bind small, putatively regulatory RNAs (sRNAs)
(Fischer et al. 2010).

We furthermore explored the sequence specificity of
PfuSmAP1. Many studies demonstrated that other SmAPs
efficiently bind poly(U) RNAs in vitro. However, SsoSmAP2
favours GC rich sequences. In case of PfuSmAP1, we found a
preference for U-rich sequences and detected a gapped
poly(U)-binding motif in mRNAs, asRNAs and ncRNAs that
interact with PfuSmAP1.

Exploring the PfuSmAP1 RNA interactome, we did not
detect interactions with tRNAs, snoRNAs or H/ACA box and
C/D box RNAs, which is in contrast to earlier studies (Fischer
et al. 2010; Märtens et al. 2017a; Törö et al. 2001). However,
the protein interactome that we found in our study suggests
that SmAP1 plays a role in binding these RNA classes. This is
corroborated by the fact, that most of the corresponding
protein interactions were lost after DNase and RNase

Figure 5: PfuSmAP1 binds U-rich RNAs in vitro and positively effects transcription. (A) Illustration of DNA template used for promoter-dependent in vitro
transcription assays. The sequence of the hpyA1 promoter and the first transcribed 25 nt (light blue) (Spitalny and Thomm 2008) was fused to parts of the
phoU gene (PFDSM3638_05070; dark blue) containing a PfuSmAP1 binding region and a dT-rich region (orange). The corresponding U-rich RNA sequence
stretch is shown in detail and was also used in EMSA experiments. Length of the expected intrinsic termination and run-off transcription product are
shown. The SmAP1 RNA binding motif is highlighted by stars. (B) EMSAs using HEX-labelled RNAs and increasing amounts of recombinant PfuSmAP1. As
RNAs, either theU-rich RNA shown in (A) was used (upper panel) or an RNA inwhich nine U nucleotides were replaced (underlined in A) by Cs (C-rich, lower
panel). Complexes were separated using native gel electrophoresis. (C) Promoter-dependent transcription assays using the DNA template shown in (A).
Increasing amounts of recombinant PfuSmAP1 were used in the transcription assay. Samples were taken after a reaction time of 5 and 10 min at 80 °C.
RNA transcripts were extracted by phenol-chloroform extraction and separated on a denaturating 15 % PAA gel. Intrinsic termination (U6) and run-off
signals are highlighted.
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treatment. UV irradiation used in other studies might have
stabilized otherwise transient interactions, which might
explain the difference to our data (Fischer et al. 2010).
Notably, we found many asRNAs to interact with PfuSmAP1.
This suggests an RNA chaperone activity of PfuSmAP1
that enables interactions between non-coding RNAs and
mRNAs. This chaperone activity by Hfq is involved in post-
transcriptional regulation of gene expression by restricting
access to the ribosomal binding site, or to RNases thereby
regulating RNA stability (Møller et al. 2002; Sledjeski et al.
2001; Wassarman et al. 2001; Zhang et al. 2002, 2003). In
addition, Hfq also plays a role in the pairing of cis-encoded
asRNAs as shown for example for the E. coli Tn10/IS10 anti-
sense system (Ross et al. 2013). A potential RNA chaperone
activity is supported by the location of the PfuSmAP1 binding
sites in mRNA 3′-UTRs. These regions often serve as regula-
tory hotspots in bacterial and archaeal posttranscriptional
regulation via small RNAs (Dar et al. 2016; Menendez-Gil and
Toledo-Arana 2020). SmAP1 RIP-seq data from studies with
H. salinarum in combination with RNAseq data of wildtype
and an RNase knockout strain as well as ribosome profiling
and proteomics data delivered further support for a role of
SmAP1 in cooperation with asRNAs and RNases in post-
transcriptional regulation (Kusebauch et al. 2023). This data
revealed that at least 7 % of all protein-coding genes in
H. salinarum are subject to posttranscriptional regulation
exerted by SmAP1, asRNAs and RNases. Based on this data,
it was suggested that SmAP1 and asRNAs might recruit
RNase_2099C to transcripts resulting in target cleavage
(Kusebauch et al. 2023) but this hypothesis has not yet been
biochemically validated. The mode of a putative interaction
between perfectly base-pairing asRNAs and mRNAs medi-
ated by PfuSmAP1 remains to be elucidated. Furthermore, it
is unclear how RNases are recruited to this ribonucleopro-
tein particle. Our analysis did not allow the detection of two
RNAs that are simultaneously bound by SmAP1, which are
likely to be a regulatory RNA pair.

An additional noteworthy aspect is the enrichment of
crRNAs, and more specifically U-rich crRNAs. This has also
been observed for SsoSmAP1 and SsoSmAP2 and for bacte-
rial Hfq proteins (Boudry et al. 2021; Märtens et al. 2015;
Trouillon et al. 2022). However, the functional implications
are not understood yet.

In summary, PfuSmAP1, likemany other Sm and Sm-like
proteins, binds a variety of cellular RNAs recognizing U-rich
sequences. Remarkable and unique for PfuSmAP1 are (i) the
preferential binding of asRNAs and (ii) the complex gapped
binding motif. The latter may indicate that (i) PfuSmAP1 can
bind two independent RNAs that both possess a U-rich
stretch, (ii) that RNAs mediate the formation of SmAP mul-
timers in vivo as demonstrated for Archaeoglobus fulgidus,

M. thermophilus and Pyrococcus aerophilum in vitro
(Mura et al. 2003a), or (iii) that binding of multiple SmAP1
molecules on the same RNA with multiple poly(U) stretches
is possible. Indeed, arrays of poly(U) sequences that promote
transcription termination are found at the 3′ end of archaeal
RNAs (Dar et al. 2016; Yue et al. 2020).

Also protein interaction partners identified for PfuS-
mAP1 are conserved for other SmAPs (Fischer et al. 2010;
Märtens et al. 2017a). These include the exosome and DnaG,
which are critically involved in 3′–5′ RNA degradation and/
or polyadenylation in most Archaea except for halophiles
(Phung et al. 2020; Portnoy and Schuster 2006). Another
common theme is the interaction of SmAPs with rRNA-
and tRNA-modifying enzymes, ribosomal proteins and
translation initiation and elongation factors. Most of these
interactions appear to be mediated by RNAs rather than
being direct interactions. Fibrillarin-like rRNA/tRNA
2′-O-methyltransfere (FlpA) as an exception remains asso-
ciated with PfuSmAP after RNase digestion of the samples.
FlpA is a homologue of Nop1 (yeast) and the human
fibrillarin, respectively, that are components of the
snoRNA-guided methylation complex, which is also
conserved in Archaea (Breuer et al. 2021). SnoRNAs and
Nop56, another component of this methylation complex,
were identified as interaction partners of SmAP1 and
SmAP2. This strengthens the assumption, that SmAPs are
involved in rRNA modification processes and thereby
influence ribosome biogenesis.

Direct interactions of SmAPs with CRISPR Cas systems
and crRNAs were so far solely detected in S. solfataricus.
In P. furiosus, SmAP1 interacts with two of three
CRISPR-Cas-effector complexes (I-A and III-B, according to
Makarova et al. [2020]). Whether this interaction is truly a
direct interaction or mediated by a tightly bound and
thereby protected crRNA remains unknown. We found
crRNAs associated with PfuSmAP1. This was also observed
in case of SsoSmAP1, SsoSmAP2 and bacterial Hfq proteins
(Boudry et al. 2021; Trouillon et al. 2022). However, the
functional implications are not understood yet.

An association of SmAPs with RNAP has only been
shown for H. volcanii so far (Fischer et al. 2010). In P. fur-
iosus, this interaction depends on the presence of RNA sug-
gesting co-transcriptional binding of SmAP1 during
transcription elongation. During this step the nascent RNA is
sufficiently long to allow an association of PfuSmAP1.
Furthermore, the elongation provides the time window
for the simultaneous binding of RNAP and PfuSmAP to the
same RNA before the RNAP dissociates from the transcript
during termination. This assumption is further supported by
the fact that we were also able to detect an interaction of
PfuSmAP1 with the transcription elongation factor NusA. In

R. Reichelt et al.: Co-transcriptional binding of archaeal Lsm 9



Bacteria, Hfq-RNA complexes interact with nascent tran-
scripts close to elongation complex allowing a faster recog-
nition of target RNAs (Rodgers et al. 2023) thereby exerting
its regulatory effects at the earliest possible opportunity
(Kambara et al. 2018). In addition, E. coli Hfq positively
regulates the expression of sigma factor RpoS by blocking
access of the termination factor Rho to the long 5′ UTR of the
RpoS transcript (Sedlyarova et al. 2016). This way, Hfq acts as
bona fide antitermination factor. Rho is not conserved in
Archaea, but we found the archaeal termination factor
aCPSF1 as interaction partner of PfuSmAP1. aCPSF1 termi-
nates transcription by cleaving the transcript at the 3′ end
(Sanders et al. 2020). Interestingly, aCPSF1 requires U-rich
regions as binding sites (Li et al. 2021; Sanders et al. 2020). In
our study, the presence of SmAP1 in cell-free transcription
assays did not affect the overall transcriptional pattern, nor
did it prevent RNAP pausing. However, as found for E. coli
Hfq, an overall increase in transcriptional output was
observed (Sukhodolets and Garges 2003). Since both
RNA-binding proteins do not directly interact with the RNAP,
the stimulatory effect on transcript elongation could be due
to a stabilizing effect of the RNA-binding protein on newly
synthesized RNAs. The fact that both, aCPSF1 and SmAP1,
bind to U-rich sequences potentially opens an alternative
pathway for transcriptional and posttranscriptional regu-
lation (Weixlbaumer et al. 2021) that does not involve the
recruitment of RNases. It would be feasible, that SmAP binds
the 5′ UTR of mRNAs. The interaction of SmAP with ribo-
somal proteins could promote recruitment of ribosomes to
the mRNA supporting the coupling of transcription and
translation in Archaea. Ribosome binding could prevent
aCPSF1 from interacting with the nascent RNA, thereby
preventing premature termination. Antitermination by
PfuSmAP1 could also be a result of a direct competition
between SmAP1 and aCPSF1 for poly(U) stretches at the 3′ end
of the RNA.

Taken together, our study confirms the central role of
SmAPs in archaeal RNA metabolism, but also reveals previ-
ously unrecognized interactions with defence systems and
the transcriptional apparatus. On the one hand, these novel
findings need to be analysed in more detail to gain further
insights into transcriptional and posttranscriptional regu-
lation mediated by SmAP, but it would also be worthwhile to
investigate the functions of Sm-like proteins in more diverse
groups within the archaeal domain of life. The repertoire of
Sm-like proteins ranges from at least one (SmAP1 or Hfq-like
SmAP) in the DPANN group and Euryarchaeota to up to three
(SmAP1, 2 and 3) and even more in the TACK superphylum
and Asgard group (Mura et al. 2013; Reichelt et al. 2018). This
represents a hitherto untapped reservoir of diversity, which

certainly still harboursmany previously unknown functions
of archaeal Sm-like and Hfq-like proteins.

4 Materials and methods

4.1 Strains, plasmids, and primers

All strains, plasmids and primers used in the study are listed in Table S3.

4.2 Construction of P. furiosus overexpression strains
and growth conditions

For the construction of P. furiosus strains expressing Smap1 with the
Strep-tag® II fused to the C-terminus or with the Strep-tag® II peptide
only, the modified genetic system for P. furiosus DSM3638, based on
selection via agmatine auxotrophy as described in Grünberger et al.
(2020) was used.

Based on plasmid pMUR310 (Grünberger et al. 2020), an over-
expression shuttle vector system was constructed that allows constitu-
tive expression of a protein of interest via the gdh promoter (PCR
amplified from Thermococcus kodakarensis genomic DNA using
primers RPA_pYS13_GA_F and pYS13_GA-R) and the hpyA1 terminator
(PCR amplified from P. furiosus genomic DNAusing primers PYS14_GA_F
and pYS13_RPA_GA_R) regions. Both regions were fused upstream and
downstream of the gene of interest as described in Waege et al. (2010)
and cloned into pMUR310 via the EcoRV restriction site. One of these
overexpression plasmids was used for PCR amplification of the plasmid
backbone using primers pYS14Expgdh_F and pYS14_GA_F. The smap1
gene was PCR amplified from P. furiosus genomic DNA using primers
GAp14PF1542FW and GAp14PF1542RW. Both PCR products were
assembled using Gibson Assembly (Gibson et al. 2009), resulting in
pMUR433. To insert the Strep-tag® II sequence, a Phusion® High-Fidelity
DNA Polymerase mutagenesis PCR (New England Biolabs) was per-
formed using the primer pYS14_GA_F and the phosphorylated primer
PF1542cstrep2RWP to amplify the whole plasmid. The PCR product was
ligated using T4 ligase enzyme (New England Biolabs) and transformed
into E. coliDH5α cells (New England Biolabs), resulting in pMUR435. The
final construct including the correct insertion of the Strep-tag® II
sequence was verified by sequencing (Microsynth). Finally, to construct
an overexpression shuttle vector containing only the Strep-tag® II
sequence, Phusion® High-Fidelity DNA Polymerase mutagenesis PCR
(NewEnglandBiolabs)was performed using the pYS14_GA_F primer and
the phosphorylated p14strepfw primer. The PCR product was ligated
with T4 ligase enzyme and transformed into E. coli DH5α cells (New
England Biolabs), resulting in pMUR544. The correct removal of the
smap1 sequence was verified by sequencing (Microssynth). 1 μg of the
circular plasmids pMUR435 or pMUR544 was transformed intoMURPf37
as described (Grünberger et al. 2020; Kreuzer et al. 2013; Waege et al.
2010). Selection was carried out in 1/2 SME liquid medium without
agmatine sulphate and inosine+guanosine at 85 °C for 12 h. Pure cul-
tures of themutantsMURPf80 (pMUR435) andMURPf82 (pMUR544)were
obtained by plating the cells on solidifiedmedium. Plasmid stability was
verified by re-transformation into E. coli DH5α and DNA sequencing of
purified plasmids (Microsynth). Final P. furiosus mutants could be
grown without agmatine sulphate and I+G supplementation.
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MURPf80 (PfuSmAP1-Strep-tag) andMURPf82 (Strep-tag only) were
cultivated in a 100 L biofermentor under anaerobic conditions at 95 °C in
nutrient-rich medium based on 1/2 SMEmedium (Fiala and Stetter 1986;
Reichelt et al. 2016) supplemented with 0.1 % (w/v) starch, 0.1 % (w/v)
yeast extract, and 0.1 % (w/v) peptone. Cells were harvested after
reaching the late-exponential phase (cell density of 1.5 × 108 cells perml)
and stored at −80 °C.

4.3 Identification of RNAs that co-purify with via
RNA-seq

0.2 g of P. furiosus cell pellet was resuspended in 0.8 ml Strep100 buffer
(10 mM Tris/HCl pH 8.0, 100 mM NaCl, 10 % (v/v) glycerol). The cell
suspensions were sonicated for 12 × 3 min using a Bandelin Electronic™
Sonopuls™ HD 2070 homogenizer (cycle: 60 %, power 60 %). After
centrifugation for 60min atmaximum speed (4 °C), the supernatant was
applied to a gravity column containing 500 µl of Strep-Tactin® Sephar-
ose® resin (iba). After 10 wash steps (1 ml each) with Strep100 buffer,
elution was performed with 1× Elution Buffer E (IBA Lifesciences). The
following sequential elution volumes were used: 400 µl, 700 µl, 400 µl,
400 µl. The success of the purification was analysed by SDS-PAGE and
Western blotting. Co-purified nucleic acids from elution step E2 were
used for deep sequencing. The experiment was replicated three times
using cell pellets from MURPf80 (PfuSmAP1-Strep-tag mutant) and
MURPf82 (Strep-tag onlymutant). For RNA sequencing, half of the eluate
(350 µl of fraction E2) was treatedwith 2U TURBO™DNase (Invitrogen™)
and the other half for DNA sequencing after treatment of the sam-
ple with 100 μg/ml RNase A (ThermoFisher) for 60 min at 37 °C. After
phenol-chloroform extraction followed by ammoniumacetate/ethanol
precipitation, RNA and DNA samples were analysed by agarose gel
electrophoresis. Sequencing was performed by the Core Unit SysMed at
the University of Würzburg. RNA quality of the six RNA samples was
checked using a 2100 Bioanalyzer with the RNA 6000 Pico kit (Agilent
Technologies). cDNA libraries suitable for sequencing were prepared
from 130 ng of fragmented RNA treated with T4 PNK for phosphoryla-
tion/dephosphorylation and RppH for decapping followed by NEBNext®

Multiplex Small RNA Library Prep (New England Biolabs). 15 PCR cycles
and 30 s elongation time were used for amplification of the library. The
final libraries had an average size of 155 bp. DNA libraries from
the six DNA samples were prepared from 50 ng of fragmented DNA. The
NEBNext Ultra II DNA Lib kit was used for library preparation.
For amplification a PCR reaction with four amplification cycles was run.
The final libraries had an average size of 500–530 bp. Both types of
libraries were quantified by QubitTMdsDNAHS Assay Kit 3.0 Fluometer
(ThermoFisher) and quality was checked using a 2100 Bioanalyzer with
High Sensitivity DNA kit (Agilent Technologies) before pooling.
Sequencing of pooled libraries, spiked with a 5 % PhiX control library,
was performed in single-end mode with 150 nt read length on the
NextSeq 500 platform (Illumina) with a Mid Output Kit. Demultiplexed
FASTQ files were generated with bcl2fastq2 v2.20.0.422 (Illumina).

Reads in FASTQ formatwere quality/length/adaptor trimmedusing
trimmomatic in single-end-mode (Bolger et al. 2014). We allowed for a
minimum length of 15 bases and a cut-off Phred score of 20, calculated
in a slidingwindow of four bases. As adapter input the NEB_R1 sequence
(5′AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC3′) was provided. We
used Bowtie 2 (Langmead et al. 2009) to map the reads to the 2019
updated version of the P. furiosus genome (Grünberger et al. 2019). Read
count andmapping statistics are shown in Table S1. Next the sorted BAM
files of the PfuSmAP1-Strep-Tag sampleswere analysed byHomer (v3.12)

(Heinz et al. 2010) to define read-enriched regions in a strand separated
manner. A tag directory was created and used as input to run findPeaks
(-style factor -o auto -gsize 2e6 -strand separate -size 150 fragLength 75
-localSize 10000). This gave in total 613 read-enriched intervals on the
plus and minus strand which could be detected in all three replicates
(Table S1). We used Salmon to quantify read abundances for all six
RNA-seq samples (3× PfuSmAP1-Strep-Tag and 3× Strep-tag only)within
the Homer derived intervals (Patro et al. 2017) followed by a differential
gene expression analysis using the DESeq2 pipeline (Love et al. 2014).
Homer-enriched regions were considered as PfuSmAP1 binding site if
they showed a log2 FC > 0.0 and an adjusted p-value of <0.01 (Table S1).

The found intervals (n = 199)weremapped to the following features
of the Annogesic pipeline: mRNA, pseudogene, pseudogenic exon, sORF,
rRNA tRNA, crRNA, ncRNA, transcript, 5UTR, 3UTR (Table S1). SmAP1
binding sites overlapping more than one feature were curated manu-
ally. Moreover the intervals were analysed using GLAM2 (Gapped Local
Alignment of Motifs) to detect preferred binding motifs within the sites
(Frith et al. 2008) using the MEME Suite (Bailey et al. 2015). Additionally,
functional enrichment analysis based on the Archaeal Clusters of
Orthologous Genes (arCOG) classification was performed as described
previously (Knüppel et al. 2021). Briefly, arCOGs for P. furiosus were
retrieved from Makarova et al. (2015) and gene set enrichment analysis
was performed with the goseq package in R, which accounts for gene
lengths bias (Young et al. 2010). For comparison all genes of the P. fur-
iosus genome annotation were used. Next, p-values for over-
representation of arCOGs were calculated and were considered as
significantly enriched below a cutoff of 0.05.

Sequenced DNA samples were analysed as described previously
(Reichelt et al. 2016).

4.4 Identification of SmAP1 co-purified proteins via MS
analysis

P. furiosus cells were lysed as described above. Before purification total
protein concentrations of the cell extracts were quantified using the
QubitTM Protein Assay Kit 3.0 Fluometer (ThermoFisher). For further
analysis, 34 mg total protein in 2 ml total volume were used per sample:
Strep-SmAP1 (untreated), Strep-SmAP1 (DNase/RNase treated) and
Strep-Tag (untreated). The DNase/RNase treated samples were digested
using 2 µl Benzonase® Nuclease (Sigma-Aldrich; ≥250 U/µl) and 200 µl
RNase Cocktail™ enzyme mix (Invitrogen). All samples were incubated
at 37 °C for 60min and the cell extracts were loaded onto a gravity
column containing 250 µl Strep-Tactin® Sepharose® resin (iba). After 10
washing steps (1 ml) using Strep100 buffer, elutionwas performed using
a 1× Elution buffer E (IBA Lifesciences). The following consecutive
elution volumes were used: 200 µl, 350 µl, 100 µl. Success of purification
was analysed by SDS-PAGE. Three independent experiments were per-
formed per sample.

For mass spectrometry analysis 45 µl of elution step 2 were mixed
with NuPAGE LDS sample buffer (4×) (ThermoFisher) and separated
using a gradient gel. A gel lane was cut into 10 consecutive slices, which
were then transferred into 2 ml micro tubes (Eppendorf) and washed
with 50mM NH4HCO3, 50 mM NH4HCO3/acetonitrile (3/1) and 50mM
NH4HCO3/acetonitrile (1/1) while shaking gently in an orbital shaker
(VXR basic Vibrax, IKA). Gel pieces were lyophilized after shrinking by
100 % acetonitrile. To block cysteines, reduction with DTT was carried
out for 30 min at 57 °C followed by an alkylation stepwith iodoacetamide
for 30min at room temperature in the dark. Subsequently, gel slices
were washed and lyophilized again as described above. Proteins were
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subjected to in gel tryptic digest overnight at 37 °C with approximately
2 µg trypsin per 100 µl gel volume (Trypsin Gold, mass spectrometry
grade, Promega). Peptides were eluted twice with 100 mM NH4HCO3

followed by an additional extraction with 50mM NH4HCO3 in 50 %
acetonitrile. Prior to LC-MS/MS analysis, combined eluates were
lyophilized and reconstituted in 20 µl of 1 % formic acid. Separation of
peptides by reversed-phase chromatography was carried out on an
UltiMate 3000 RSLCnano System (Thermo Scientific, Dreieich) which
was equipped with a C18 Acclaim Pepmap100 preconcentration column
(100 µm i.d. × 20 mm, Thermo Fisher) in front of an Acclaim Pepmap100
C18 nano column (75 µm i.d.× 150 mm, Thermo Fisher). A linear gradient
of 4 %–40 % acetonitrile in 0.1 % formic acid over 90min was used to
separate peptides at a flow rate of 300 nl/min. The LC-system
was coupled on-line to a maXis plus UHR-QTOF System (Bruker
Daltonics, Bremen) via a CaptiveSpray nanoflow electrospray source
(Bruker Daltonics). Data-dependent acquisition ofMS/MS spectra by CID
fragmentation was performed at a resolution of minimum 60000 for MS
and MS/MS scans. The MS spectra rate of the precursor scan was 2 Hz
processing amass range betweenm/z 175 andm/z 2000. Via the Compass
1.7 acquisition and processing software (Bruker Daltonics) a dynamic
method with a fixed cycle time of 3 s and an m/z dependent collision
energy adjustment between 34 and 55 eV was applied. Raw data pro-
cessing was performed in Data Analysis 4.2 (Bruker Daltonics), and
Protein Scape 3.1.3 (Bruker Daltonics) in connection with Mascot 2.5.1
(Matrix Science) facilitated database searching of the Uniprot P. furiosus
database (Entry: UP000324354). Search parameters were as follows:
enzyme specificity trypsin with 1 missed cleavage allowed, precursor
tolerance 0.02 Da, MS/MS tolerance 0.04 Da, carbamidomethylation or
propionamide modification of cysteine, oxidation of methionine, dea-
midation of asparagine and glutamine were set as variable modifica-
tions. Mascot peptide ion-score cut-off was set to 25. Search conditions
were adjusted to provide a false discovery rate of less than 1 %. Protein
list compilation was done using the Protein Extractor function of
Protein Scape.

Identification of specific interactions was done as described by
Pluchon et al. (2013). Identification of a protein was significant when, at
least, five independent peptides covering at least 10 % of the protein
sequence were identified and when the resulting mascot score (M) was
over 100. A noise/signal significance ratio (SR) was defined for each
identified protein as described Pluchon et al. Treated and untreated
samples were analysed separately, and only interactions are shown,
which were identified in all three replicates. The resulting interaction
networks were visualized using cytoscape software (Saito et al. 2012).
Moreover, enrichment analysis of arCOGs were performed as described
above using a p-value cutoff of <0.05.

4.5 Western blot analysis

Western blots were performed as described previously (Waege et al.
2010). The mouse monoclonal antibody that recognizes the Strep-tag II
epitope was obtained from QIAGEN.

4.6 Heterologous overexpression of SmAP1 in E. coli and
affinity purification

The Pfu smap1 gene was amplified using the primers 1542GApproexfor
and PF1542Strepgapproexrev, which in addition to the amplification of

the smap1 gene allowed direct fusion of the StrepII-tag sequence to
the C-terminus. This PCR fragment was cloned via Gibson assembly
(Gibson et al. 2009) into the vector pPROEX HTb (Invitrogen), which
was PCR-amplified using the primers pproexgarev and pproextga-
gafor2. This resulted in a plasmid backbone without the sequence
for a 6xHis-Tag and TEV-site. Correctness of the final expression
plasmid was assessed by Sanger sequencing (Microsynth). The
plasmid was transformed into E. coli JW4130Δhfq (http://cgsc.
biology.yale.edu/KeioList.php) for protein expression. 1 L LB me-
dium containing 25 μg/mL kanamycin and 100 μg/mL ampicillin
were inoculated to reach a final OD600 of 0.1–0.2. Cultures were
grown at 37 °C to an OD of 0.4–0.6. The culture was cooled to 20 °C
and expression of PfuSmAP1 was induced by adding 0.5 mM IPTG.
After growth for 10 h at 20 °C, the cells were harvested and the cell
pellet stored at −20 °C. A cell pellet corresponding to 200 ml over-
expression culture was resuspended in 2 ml Strep100 buffer sup-
plemented with 1× cOmplete™ protease inhibitor cocktail (Roche),
lysozyme was added and incubated for 30–60 min on ice. The cells
were lysed for 6 × 3 min by sonication using a Bandelin Electronic™
Sonopuls™ HD 2070 homogenizer (cycle: 60 %, power 60 %) in
presence of >250 U Pierce Universal Nuclease for Cell Lysis (Ther-
moFisher) and centrifuged at 15,000 g for 30 min at 4 °C. The lysate
(700 µl) was treated with 1 µl Pierce Universal Nuclease for Cell Lysis
(>250 U/µl) (ThermoFisher) and 25 µl RNase Cocktail™ enzyme mix
(Invitrogen) at 37 °C for 60 min, 64 °C for 20 min and afterwards
centrifuged at max. speed for >10 min at 4 °C. The supernatant was
incubated with 50 µl MagStrep “type3” XT beads (IBA Lifesciences)
overnight at 4 °C. Beads were immobilized using a magnetic rack and
consecutively washed (1 ml) 5× with Strep100 buffer followed by five
washing steps with Strep2000 buffer (10 mM Tris/HCl pH 8.0, 2000 mM
NaCl, 10 % (v/v) glycerol) and again, 5× washing steps with Strep100
buffer. PfuSmAP1 was eluted with 50 µL 1× BXT elution buffer (IBA
Lifesciences) at 4 °C for 15 min and stored at −20 °C. Protein concen-
trations were quantified using the QubitTM Protein Assay Kit 3.0 Flu-
ometer (ThermoFisher).

4.7 Mass photometry

Mass photometer (MP) experiments were performed on a TwoMP in-
strument (Refeyn, UK) at room temperature. Small wells were created
by placing a sealing foil (Grace Bio-Labs, USA) on a microscope slide.
Calibration with the standard proteins IgG, TG and BSA was performed
prior to sample measurement. Ten µl of Strep100 buffer were pipetted
into a well and the focus was adjusted by droplet dilution. Two µl of
sample were added to the buffer droplet to adjust the volume to 12 µl,
resulting in a final concentration of 8 nM PfuSmAP1 monomer. Mea-
surements and data analysis were performed using the manufacturer’s
recommended default settings.

4.8 Electro Mobility Shift Assays (EMSAs)

Assays were carried out using 10 nM 5′ Hexachloro-fluorescein (HEX) –
labelled 38 nt RNA fragments (U-rich: 5′GAACUUCCAUUUUUUGAAUUU-
GAGUUUAAUGAACUUUG3′; C-rich: 5′GAACUUCCAUCUCUCGAACUCGAGC-
UCAAUGAACCUUC3′), increasing amounts of Pfu SmAP heptamer (nM):
0, 1.25, 2.5, 5, 10, 20, 25, 50, 100, 200, 400) in binding buffer (20 mM
HEPES–KOH pH 7.4, 100 mM NaCl, 1 mM MgCl2, 0.1 % (v/v) Tween20)
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supplemented with 40 mM EDTA and 10 % (v/v) glycerol and incubated
at 70 °C for 10 min. Samples were separated by electrophoresis
(150 mV, 40 min) using a Tris/Boric Acid/EDTA (TBE) buffer system and
a native 6 % TBE gel.

4.9 In vitro transcription assays

For promoter-dependent cell-free transcription assays, the promoter
region of the hpyA1 gene including the first transcribed 25 nucleotides
(Spitalny and Thomm 2008) was fused with a part of the transcribed
region of gene PFDSM3638_05070 harbouring a PfuSmAP1 binding
region. This DNA construct was produced by gene synthesis
(Thermo Fisher) and cloned into the GeneArt standard vector pMA
resulting pMUR652.

Sequence of the hpyA1 promoter – PFDSM3638_05070 (partial)
fusion construct:

5′GAATTCGCTCTGAATCCGAAAAGTTTATATATCTCTTTTTTCAAAA
AACAAAATGGAAATGTGTTATAAATAAAAGGTTCACAGGGAAATCTTATA
GAAGAGGCCATGAAACTTTTCCGTCCCTGGGTTCTCAGAGGTATTGAAGCA
CTAACAGAGGATAAGAAAATTCCAATAGATGAACTTCCATTTTTTGAATTT
GAGTTTAATGAACTTTGGAGCTCTTACATTAGAACAAAGGATCCATATGTT
GTAGGAACTTTAATACACCTAGAGAGCTTCTTTAGTTATGTGAAAAACATT
CTTCGTTCCGCAGTTTATTATTTTCTCGGCTCTAGGGG3′

The DNA template for transcription reactions was PCR amplified
using the primersM13F-bio andM13 rev (−29). Promoter-dependent run-
off transcription assays were carried out as described previously (Dexl
et al. 2018; Hethke et al. 1999). The transcription buffer (40mM
HEPES–KOH pH 7.3, 250mM KCl, 2.5 mM MgCl2, 0.1 mM EDTA) was
supplemented with 0.25 μg/ml BSA, 440 μM ATP, 440 μM GTP, 440 μM
CTP, 2.7 μM UTP, 0.049 MBq [α-32P]-UTP (111 TBq/mmol) and with 8.5 nM
template DNA, 10.5 nM RNAP, 85 nM TBP, 52 nM TFB and varying
amounts of PfuSmAP1 heptamer (0–400 nM). The transcription re-
actions were incubated at 80 °C for 10 min. Samples were taken after 5
and 10min. Radiolabeled RNA products were extracted via phenol-
chloroform extraction and separated on a 7 M urea/15 % acrylamide gel.
The gel was transferred and fixed to aWhatman chromatography paper
and scanned using a Typhoon FLA 7500 imaging system (GE Healthcare
Life Sciences). Assays were repeated in three individually performed
experiments. Run-off signals were quantified using Image Lab 6.0
software (Bio-Rad).
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